[1] Recent observations of ridge bathymetry suggest magmatic segmentation at fast-and intermediatespreading centers is linked to the migration of the spreading axis over the mantle. At fast-and intermediatespreading centers, Carbotte et al. (2004) observed that leading segments, those that are offset in the direction of ridge migration, are typically shallower (interpreted to be magmatically robust) relative to trailing segments across first-and second-order discontinuities. The model set forth for this correlation invokes asymmetrical mantle upwelling in response to the absolute motion of the ridge axis and the entrainment of melt from across discontinuities. In this investigation, differences in ridge axis depth across first-and second-order discontinuities are examined within the context of absolute plate motions for portions of the slow-spreading Mid-Atlantic Ridge (MAR 22-36°N and 25-35°S latitude), intermediatespreading Galápagos Spreading Center (GSC 83-98°W), and intermediate-spreading South East Indian Ridge (SEIR 77-114°E). Portions of each of these areas display chemical and/or physical anomalies resulting from hot spot-ridge interaction. Along non-hot spot-influenced sections of intermediatespreading ridges, leading segments coincide with shallower segments across 72% of the first-and secondorder discontinuities (86% of transform faults and 55% of second-order discontinuities). Depth asymmetries vary with ridge offset length, with maximum asymmetries for ridge offset lengths of 50-100 km. A weaker correlation is observed between ridge migration direction and ridge morphology at the slow-spreading MAR, where leading segments are shallower across $60% of first-and second-order discontinuities. For hot spot-influenced spreading centers, hot spot proximity dominates ridge morphology at intermediate-spreading centers, but it is not a consistent predictor of axial depth asymmetries at slow-spreading centers. This spreading-rate-dependent influence of ridge migration and hot spot proximity on axial morphology may reflect a more limited entrainment of melt from across slowspreading discontinuities due to the predominance of three-dimensional upwelling and melt focusing to segment centers.
Introduction
[2] Morphological segmentation is a fundamental characteristic of mid-ocean ridges (MORs) with systematic changes in the depth and width of the ridge axis observed at all spreading rates [e.g., Macdonald et al., 1988; Lin et al., 1990] . Typically, the ridge axis deepens toward transform faults and smaller offset discontinuities, leading to an undulating axial depth profile. However, changes also are observed between segments where one segment is shallower than the adjacent segment across a ridge offset. This topographic variability is commonly attributed to differences in magma flux from the mantle, with shallower regions along the MOR interpreted as locations of greater magma supply [e.g., Lin et al., 1990; Scheirer and Macdonald, 1993; Thibaud et al., 1998 ]. Although it is widely accepted that variations in ridge morphology reflect an underlying magmatic segmentation, the origin of this segmentation and its significance for melting and flow in the mantle are subjects of ongoing debate.
[3] Independent of spreading rate, a MOR migrates with respect to the deeper mantle at a rate and direction determined by the absolute motions of the bounding plates [Stein et al., 1977] . Therefore MORs are not ''fixed'' above the mantle in the hot spot reference frame, but rather they can be envisioned as sampling mantle as they migrate over it. Recent observations of ridge bathymetry suggest that magmatic segmentation at fast-(>80 mm/yr full-rate) and intermediate-spreading (50-80 mm/yr) centers is linked to the migration of the spreading axis over the mantle. Comparisons of ridge-axis depths across transform faults and nontransform discontinuities show that segments offset in the direction of ridge migration (leading, Figure 1 ) are consistently shallower than adjacent trailing segments. Carbotte et al. [2004] propose that this correlation between ridge morphology and plate kinematics results from an asymmetry in mantle upwelling triggered by ridge migration over the mantle [e.g., Davis and Karsten, 1986; Schouten et al., 1987; Wilson, 1992] , coupled with melt entrainment to ridge segments across discontinuities (Figure 2 ). Assuming temperature-and pressure-dependent viscosity, Katz et al. [2004] present 2-D numerical simulations that confirm asymmetric melt production is expected beneath migrating spreading centers and results from the motion of the lithospheric notch, associated with plate spreading, over the asthenosphere.
[4] Faster upwelling and greater melt production beneath an advancing plate alone would not result in asymmetry in melt delivery to adjacent ridge segments. However, melt delivery from the mantle is believed to involve focusing of melts from a broad upwelling zone beneath the spreading center; and, any location along the ridge axis is presumably fed by melts generated from a broad volume within the mantle [e.g., Sparks and Parmentier, 1993; Forsyth et al., 1998 ]. Carbotte et al. [2004] suggest that near segment ends melt focusing may lead to entrainment of melts across discontinuities from the upwelling zone of adjacent ridge segments, with leading segments tapping melt from the fasterupwelling and hence more melt-rich zone beneath an advancing plate ( Figure 2 ). While both segment ends are expected to be locations of reduced melt delivery relative to elsewhere along the ridge (Figure 2b ), the differences in melt production beneath advancing and trailing plates leads to a local asymmetry in melt availability across discontinuities. This ''melt entrainment'' effect may be restricted to segment ends unless significant redistribution of melt occurs within segments at shallow mantle and/or crustal levels.
[5] The study of Carbotte et al. [2004] focused on portions of fast-and intermediate-spreading MORs; however, differences in segment morphology are observed at all spreading rates. Slowspreading centers (<50 mm/yr) have a distinctly different morphology and magma plumbing system than fast-and intermediate-spreading centers, with strong gradients in a range of ridge properties within individual segments. Unlike the East Pacific Rise ($80-150 mm/yr full-rate) where a nearly continuous magma body is imaged beneath much of the axial zone [Detrick et al., 1987 [Detrick et al., , 1993 , the Mid-Atlantic Ridge (MAR $ 20-40 mm/yr fullrate) appears to lack a steady state magma chamber within much of the crust. Instead, the inner valley floor is speckled with axial volcanoes, which are believed to be fed by discrete magma pockets [e.g., Smith and Cann, 1993] . It is generally accepted that the shallow mid-segment regions of slowspreading ridges are places of focused melt supply to the crust [Lin et al., 1990; Crawford et al., 2005] . Both seismic and gravity data indicate thicker crust at segment centers compared with segment ends [e.g., Lin et al., 1990; Tolstoy et al., 1993; Dunn et al., 2005] ; and, what evidence exists for higher crustal temperatures and/or melt at the MAR is found only at segment centers. For example, Magde et al. [2000] imaged a $10-kmdiameter low-velocity anomaly (À0.4 km/s) within a segment center on the MAR at $35°N; and, Singh et al. [2005] recently showed evidence for an axial magma chamber beneath the central volcano within the Lucky Strike Segment of the MAR, near $37°N.
[6] In addition to spreading rate, proximity to hot spots is known to exert a strong influence on ridge morphology. Hot spot-ridge interaction affects up to 20% of the world's MOR system with longwavelength gradients observed in chemical and physical properties, extending up to 1000s of kilo- Figure 1 . Illustration of ridge segment geometry and terminology used in this study. MOR segments offset in the direction of ridge migration at ridge axis discontinuities are termed leading segments, and those segments with an opposite sense of offset are termed trailing segments. Segments offset toward a hot spot, relative to adjacent segments, are referred to as hot spot -leading segments. For all four of the MOR regions examined in this study, the ridge axis migrates away from the hot spot and hence all leading segments are also hot spot -trailing. Sign convention adopted for measurements of discontinuity offset length and axial depth differences are relative to a viewer on the ridge at R facing north for the MAR and east for GSC and SEIR as shown (see Tables 1 and 2) . meters along the ridge from the hot spot source For a migrating MOR, asymmetry exists in the mantle flow paths beneath both an advancing (gray shaded) and trailing plate, with more rapid mantle upwelling and greater melt production predicted beneath the advancing plate (vertical arrows). The circles along the ridge axis encompass idealized regions of mantle melt focusing, with circle size proportional to relative melt volumes entrained to the ridge axis. Near the ends of ridge segments, melt volumes are limited by the presence of a nearby discontinuity. However, if melts are entrained across a discontinuity from the upwelling zone of the neighboring segment, asymmetry in melt availability is expected (arrows show possible melt migration paths). Whereas leading segments (L) tap melt from the more rapidly upwelling melt rich zone of an advancing plate, trailing segments (T) draw melt from the less rapidly upwelling trailing plate. Streamlines (thick lines) indicate the motion of asthenosphere relative to a stationary observer on the ridge axis. Modified from Carbotte et al. [2004] . (b) Along-axis profile view of melt delivery corresponding to the migrating MOR shown in Figure 2a . Double-headed arrows represent focusing of mantle melts beneath the ridge axis from a broad mantle melt source region. These melts may be redistributed alongaxis at shallow mantle and/or crustal levels (single-headed arrows). Total mantle melt flux is reduced near ridge segment ends with melts drawn, in part, from the distal ends of the upwelling zone of the adjacent segment. However, for the case of a migrating MOR, leading segments tap melts from the more melt rich advancing plate side of the neighboring segment's mantle upwelling zone (Figure 2a ). Idealized region of less melt availability at a trailing segment is shown in gray.
study is to examine the relationship between MOR migration and ridge morphology for the slowto-intermediate range of spreading rates. Another objective is to examine the relationship between the morphological segmentation of a MOR, ridge migration and proximity to a hot spot. At slowspreading ridges, we find little correlation between ridge depths across discontinuities and both ridge migration direction and hot spot proximity, whereas a much stronger correlation is found at intermediate-and fast-spreading rates this study] . This spreading-rate dependence is interpreted as reflecting different patterns of mantle upwelling and melt delivery from the mantle.
Methods
[ Sempéré et al. [1997] , and Scheirer et al. [1998] for the SEIR.
[9] Digitized ridge axis locations were obtained for the SEIR from Cochran et al. [1997] for $100.3°E to $114°E and $88.7°to $91.9°E and from Scheirer et al. [1998] for the region west of $88.1°E. For all other regions, the integrated mapping and visualization tool, GeoMapApp (http://www.marine-geo.org/geomapapp/) was used to identify and digitize the ridge axis. GeoMapApp provides access to a gridded global bathymetry compilation of publicly available data as well as tools for extracting bathymetric profiles and digitizing locations [Haxby et al., 2003] . The axis was identified by following the crest of axial volcanic ridges and other volcanic constructs within the axial rift valley floor or by following the approximate midpoint between the innermost pair of axisfacing faults. The bathymetric profile tool in GeoMapApp enables cross-axis profiles to be drawn instantaneously, which greatly aided our axis identification. Where the original data source publications listed above included figures of ridge axis bathymetry and interpreted axis locations in sufficient resolution, these were used to guide our interpretation. An example of our axis identification for a portion of the SMAR is shown in Figure 3a .
[10] For each study area, all first-and second-order discontinuities were identified and numbered. We define first-order discontinuities as transform faults with a well defined ridge-perpendicular bathymetric depression and offset length greater than 20 km. Second-order discontinuities at slow-spreading centers are typified by a bend or jog in the rift valley [Macdonald, 1986; Macdonald et al., 1988; Grindlay et al., 1991] . In this study, we group discontinuities that offset the ridge axis by 5 to 25 km and for which no ridge-perpendicular fracture trace is evident as second-order discontinuities. The one exception to this definition is discontinuity N17, which is an oblique trending offset of $60 km composed of two short en echelon rift valley segments that are grouped here as a second-order discontinuity.
[11] Digitized ridge axis locations for each ridge segment were interpolated at evenly spaced intervals of 250 m (Figure 3b ). Seafloor depths were sampled at each interpolated location from bathymetry grids (100 m grid node spacing) using a nearest neighbor interpolation algorithm available in MATLAB (command LTLN2VAL). To remove the effects of small-scale topographic anomalies associated with, for example, small volcanic cones and mounds, moving averages were calculated for along axis seafloor depth using box filters 1 km wide along-axis and of varying cross-axis width (0.4, 1.0 and 2.0 km) (Figure 3c ). This range of box filters was chosen to assess the influence of cross-axis volcanic topography on along-axis depth variations. In all regions we find similar wavelength along-axis relief irrespective of filter width, although in places, the amplitude of relief differs significantly with averaging area. For example, seafloor depths calculated for the 2 km wide box filter are systematically greater in regions where axial volcanic ridges within the rift valley floor of the MAR are narrower than this maximum filter size (e.g., Figure 3 ). Average differences between depths obtained with the narrowest ( spatial filter width of 400 m across-axis. We assume this width coincides with the neovolcanic zone along axial high segments and the crest of axial volcanic ridges where present within rift valley segments.
[12] For each ridge segment, the smoothed ridgeaxis depth profile was used to determine average depth for the segment, depth at the shallowest point, and depths at 5, 10 and 15 km from both ends of the segment. Average segment depths and segment shallowest point depths are shown on bathymetric maps for each area (Figures 4a, 5a, 6a, and 7a). Whereas a leading and trailing segment end can be defined for each discontinuity, an entire segment can be classified as leading or trailing only if the bounding discontinuities step in opposite directions ( Figure 1 ). As only a subset of the ridge axis has this geometry, we focus here on differences in elevation parameters near segment ends, where melt entrainment effects should be the most pronounced. Data for each first-and second-order discontinuity along slow-and intermediate-spreading ridges are presented in Tables 1  and 2 , respectively.
[13] The study of Carbotte et al. [2004] compared ridge axis elevations at a uniform distance of 10 km from a discontinuity. Closer than $10 km, ridge axis structures that curve toward discontinuities often are observed and are believed to indicate influence of shear associated with the transform domain on ridge morphology [e.g., Phipps Morgan and Parmentier, 1984] . Here, we examine depth differences at a range of distances from segment ends to assess the sensitivity of results to a chosen reference distance. In most cases, results obtained at 5 and 15 km are consistent with the 10 km data set (90% of cases for the intermediate-spreading ridge segments and 82% of the slow-spreading cases, Tables 1 and 2 ).
[14] Portions of the ridge with geochemical and geophysical anomalies consistent with the influence of a nearby hot spot are grouped separately in our analysis as hot spot-influenced segments and those devoid of such anomalies will be referred to as normal segments. For many MORs in proximity to hot spots, the extent of hot spot influence is actively debated. For the purposes of our analyses, we adopt one definition for each region based primarily on the existing geochemical studies.
Results

Slow-Spreading Centers
[15] Our study area of the NMAR extends from 22°-36°N within which bathymetric data coverage is adequate to image 21 segments offset by six first-order and 13 second-order discontinuities [1998] ) and white elsewhere. Numbered circles and squares positioned above the ridge correspond with first-order discontinuities (transform faults) and second-order discontinuities (nontransform offsets), respectively. Green backgrounds signify the leading segment is shallower, and yellow backgrounds signify the trailing segment is shallower at a distance of 10 km from each offset. Below the axis, for each segment a white box displays the average depth (black) and the shallowest depth in meters (gray). Red outlined boxes denote hot spot -influenced segments. Blue arrows are ridge migration vectors ranging from $21 mm/year in the north to $20 mm/year in the south, with respect to the hot spot reference frame [Small and Danyushevsky, 2003] . (b) Axial depth profile of the NMAR 36°-22°N plotted versus distance from the Euler pole (NUVEL-1A [DeMets et al., 1994] ). Digitized axis picks are in purple, and smoothed axis picks using a box filter of 400 m across axis and 1 km along axis are shown in black. First-and second-order discontinuities are marked by pink lines with the offset numbers labeled. (c) Along-axis variations in seafloor depth for the NMAR between 33.5°N and 40°N from Thibaud et al. [1998] (black segments in Figure 4a ). Depth asymmetries across discontinuities are estimated from this profile for the region north of the Oceanographer FZ where multibeam bathymetry data are not publicly available. First-and second-order discontinuities for this region are labeled alphabetically, and segment midpoint depths are shown above the profile. [1985] . North of offset S5 (label with white background), bathymetric coverage of the ridge axis is incomplete, and therefore the depth asymmetry across this offset cannot be calculated. Blue arrows are ridge migration vectors ranging from $15 mm/year in the north to $13 mm/year in the south, with respect to the hot spot reference frame [Small and Danyushevsky, 2003] . Other symbols are the same as in Figure 4 . ( Figures 4a and 4b ). The full spreading rate within this region ranges from $21-24 mm/year from north to south, with migration to the southwest at $21 mm/year in the north and $20 mm/year in the south [DeMets et al., 1994; Small and Danyushevsky, 2003] . The Azores hot spot lies $100 km east of the NMAR at a latitude of $39°N and influences the structure and geochemistry of the ridge for 100s of km to the north and south. La/Sm ratios measured in ridge axis basalts [Schilling et al., 1983] indicate the mantle source signature of the Azores hot spot extends to the Hayes Fracture Zone (Figure 4 offset N4). This interpretation is supported by the more recent geochemical study of Debaille et al. [2006] , which identifies a transition from E-MORB to N-MORB coincident with N4. However, the thermal effect of the Azores hot spot on the depth and extent of melting beneath the NMAR may extend much further to the south. 0 N, with higher values to the north attributed to elevated mantle temperatures and hence deeper and greater extents of melt beneath the ridge axis. Long-wavelength gradients are observed along the NMAR in both ridge axis depths and Mantle Bouguer Anomalies (MBA) with average depths increasing and MBA increasing (becoming less negative) from the Azores platform to the south [Thibaud et al., 1998 ]. Thibaud et al. [1998] attributes the coincidence of these bathymetric and MBA trends along with the geochemical trends to a long wavelength thermal anomaly from the Azores hot spot that extends 1600 km south to $26°30 0 N. This southern limit lies within the middle of the segment north of offset N14 (Figure 4 ). Although there is clearly uncertainty regarding the southern limit of Azores hot spot influence, we use here this maximum extent supported by the Thibaud et al. [1998] and Klein and Langmuir [1989] studies. Multibeam bathymetric data are not publicly available for the NMAR proximal to the Azores hot spot north of 36°N. For this region we include axial depths estimated from the bathymetric profile published by Thibaud et al. [1998] (Figure 4c ). These data extend to 40°N and encompass an additional seven first-order and three second-order discontinuities. Segment endpoint depths for this region are estimated from an axial profile without the spatial averaging carried out for the rest of the study area. However, our tests of varying spatial filters indicate that while the magnitude of depth differences measured across discontinuities varies with filter width (e.g., Figure 3) , the sense of depth asymmetry (i.e., which segment is shallower), which is of most interest in this study, remains consistent.
[16] Our study area of the SMAR extends from 25-35°S within which adequate bathymetric coverage is available for 14 segments offset by seven first-order and six second-order discontinuities ( Figure 5 ). In this region, the SMAR spreads at a full rate of $34 mm/year and is migrating to the southwest at a rate of $15 mm/year in the north and $13 mm/year in the south [DeMets et al., 1994; Small and Danyushevsky, 2003] . The Tristan da Cunha hot spot lies $450 km east of the axis of the SMAR, at a latitude of $37°S and presently is not associated with prominent bathymetric or MBA anomalies along the SMAR [Ito and Lin, 1995a] . Fontignie and Schilling [1996] have proposed that the Tristan plume was a center of injection for broad-scale pollution of the asthenosphere, with Pb-Nd-Sr isotopic ratios from segments between 24°S and 47°S tending toward the field of the Tristan hot spot. Humphris et al. [1985] argued that on the basis of the presence of basalts with high K 2 O contents (>0.18 wt%) and high ratios of Nb/Zr (>0.05), (La/Sm) N (>O.8) and (Ce/Yb) N (>1.1), the Tristan da Cunha hot spot appears to affect the MAR irregularly between 37°11 0 S and 31°50s. The Humphris et al. [1985] hot spot influence definition is used in this analysis which includes our offsets S9-S13 ( Figure 5 ).
[17] Differences in axial depth of MAR segments measured at 10 km from each discontinuity (Table 1) are plotted as a function of discontinuity offset length in Figure 8 . Numbered and lettered discontinuities correspond to those identified in Figures 4 and 5. Hot spot-influenced segments are plotted separately from normal segments as described above. Both the Azores and Tristan da Cunha hot spots are located east of the current Figure 6 . (a) Bathymetric map and (b) axial depth profile of the GSC 83°-98°W. The Galápagos hot spot influence on the GSC, as identified from geochemical and geophysical indicators, extends between 95.5°W (offset G2) and 85°W (offset G6). Blue arrows are ridge migration vectors ranging from $42 mm/year in the west to $54 mm/year in the east, with respect to the hot spot reference frame [Small and Danyushevsky, 2003] . Other symbols are the same as in Figure 4 . a Lettered offsets refer to data from Thibaud et al. [1998] . b Discontinuity offset length measured as perpendicular distance between two bounding segments. Sign convention adopted here is positive offset length indicates northern bounding segment is offset in the direction of ridge migration and positive axis depth difference indicates northern bounding segment is shallower (see Figure 1 ). Superscript ''T'' indicates transform faults.
c Bold indicates leading segments are shallower. Italic indicates at least one bounding segment is hot spot -influenced. NA, not available. MAR axis, which migrates in the opposite direction, to the southwest. Therefore those hot spot-influenced ridge segments that are offset opposite the direction of ridge migration (trailing) step toward the hot spots and are referred to here as hot spot-leading segments (Figure 1 ). For normal segments, leading segments are shallower at 25% of transform offsets (1 of 4) and 78% of nontransform offsets (7 of 9). Offset S5 is excluded from this analysis due to incomplete bathymetric coverage of the ridge axis. For hot spot-influenced portions of the MAR, hot spot-leading segments are shallower across 40% of transform offsets (6 of 15) and 69% of nontransform offsets (9 of 13). Similar results are obtained if other interpretations of the extent of hot spot influence along the MAR are assumed. For example, if Azores hot spot influence is limited to north of N4 and Tristan influence on the SMAR extends throughout the study area, then leading segments are shallow at 53% (8/15) of all discontinuities for non-hot spot-influenced MAR and hot spot-leading segments are shallow for 50% (13/26) of discontinuities along hot spot-influenced MAR (see Table 1 ). Table 1 and are grouped into all cases where (a) the trailing segment is shallower and (b) the leading segment is shallow. Data for hot spotinfluenced segments are in (c) hot spot -leading segments shallower and (d) hot spot -trailing segments shallower. 
Geochemistry Geophysics
Intermediate-Spreading Centers
[18] The GSC spreads at a full rate that ranges from $45 to $66 mm/year and migrates to the northeast at a rate of $42 to $54 mm/year across the study area (98°W to 83°W) ( Figure 6 ) [DeMets et al., 1994; Small and Danyushevsky, 2003] . Within this region there are eight segments offset by three firstorder and four second-order discontinuities. The ridge axis comes closest to the Galápagos hot spot and reaches its shallowest depth near 91°W, which is $200 km north of the Galápagos Archipelago, whose western end marks the probable center of the Galápagos mantle plume [White et al., 1993; Sinton et al., 2003] . Detailed studies indicate a boundary in major element geochemistry coincident with the 95.5°W propagator, with normal MORB found west of this discontinuity [Christie and Sinton, 1981; Hey et al., 1989; Cushman et al., 2004] . Between 95.5°W (offset G2) and 85°W (offset G6), GSC lavas are classified as either ''transitional'' (0.09 < K/Ti < 0.15) or ''enriched'' MORB (K/Ti > 0.15) and are indicative of Galápagos hot spot influence [Cushman et al., 2004; Christie et al., 2005] . Variations in trace element concentrations and trace element ratios, including La/Sm [Schilling et al., 1982] and radiogenic a Discontinuity offset length measured as perpendicular distance between bounding segments. Sign convention adopted here is positive offset length indicates eastern bounding segment is offset in the direction of ridge migration and positive axis depth difference indicates eastern bounding segment is shallower (see Figure 1 ). Superscript ''T'' indicates transform faults.
b Bold indicates leading segments are shallower. Italic indicates at least one bounding segment is hot spot -influenced. NA, not available. isotopes [Schilling et al., 2003] , also indicate geochemical boundaries roughly coincident with the 95.5°W and 85°W discontinuities. Gravity and seismic studies indicate thicker crust and support hot spot influence within this region [Ito and Lin, 1995b; Detrick et al., 2002; Canales et al., 2002] . On the basis of these geochemical and geophysical indicators, the Galápagos hot spot influence appears to extend between offsets G2 and G6 ( Figure 6 ).
Geochemistry Geophysics
[19] The SEIR has a full spreading rate that ranges from $62 to $72 mm/year and migrates to the northeast at a rate of $36-47 mm/year across the study area (77°E to 114°E) (Figure 7 ) [DeMets et al., 1994; Small and Danyushevsky, 2003 ]. This region encompasses 30 segments offset by 18 firstorder and 11 second-order discontinuities, which includes the area from 100°-114°E originally included in the analysis of Carbotte et al. [2004] . Unlike the hot spots influencing the other regions investigated in this study, the Amsterdam-St. Paul (ASP) hot spot is nearly on-axis, with both the hot spot and portions of the SEIR axis sitting atop a $30,000 km 2 plateau. The ASP hot spot volcanism was captured by the SEIR between 5 and 10 Ma and created a shallow platform by adding to the igneous accretion at the spreading center [Scheirer et al., 2000] . Currently, the locus of ASP hot spot volcanism is within 40 km of the nearest spreading segments [Scheirer et al., 2000] . Graham et al. [1999] He ratios ranging between 9-13.4 R A (R A = atmospheric ratio) in basalts dredged from the ASP plateau (between offsets IR3 and IR7 $ 37°S to 40.2°S). Such high ratios are interpreted to indicate material input from a mantle plume derived from a relatively undegassed (deep) source region [Graham et al., 1999] . High 3 He/ 4 He ratios also are found along the ridge segment north of offset IR3, well to the north of the ASP plateau (up to 14.1 RA). A sample collected from a short intratransform spreading center within offset IR2 shows normal MORB values (7-9 RA) marking the northern boundary of ASP hot spot influence. Southeast of the ASP plateau (east of offset IR7), ridge axis basalts show 3 He/ 4 He values typical of normal MORB (7-9 RA) [Graham et al., 1999] . Furthermore, existing isotopic data provide no evidence that material derived from the ASP or the KerguelenHeard hot spots plays more than a minor role in the source mantle for the SEIR 86-118°E (offsets IR11 to IR29) .
[20] Segment-to-segment elevation differences for the GSC and SEIR (Table 2) are plotted as a function of discontinuity offset length in Figure 9 . Numbered discontinuities correspond to those identified in Figures 6 and 7 . At these intermediate-spreading ridges, normal leading segments are shallower across 86% of transform offsets (12 of 14) and 55% of nontransform offsets (6 of 11) (Figures 9a and 9b) . Depth anomalies across discontinuities vary with the offset length, with intersegment elevation differences generally increasing with discontinuity offset lengths of up to $100 km and smaller elevation differences observed at the largest transform offsets (Figure 9b ).
[21] As observed along the slow-spreading MAR, the Galápagos and ASP hot spots are offset from the ridge axis (only slightly in the case of Amsterdam/St. Paul) in the direction opposite ridge migration; therefore trailing segments in the ridge migration reference frame are hot spot -leading segments (Figure 1) . When comparing ridge elevation at a distance of 10 km from each discontinuity, hot spot-leading segments are shallower at 100% of the transform (6 of 6) and nontransform offsets (4 of 4) (Figure 9c ). Offset IR6 is excluded from this analysis because its bounding segments straddle the ASP hot spot. Hot spot proximity clearly dominates segment-scale ridge morphology at intermediate-spreading ridges; ridge segments offset toward a hot spot are, in all cases, shallower. Unlike the normal ridge segments, ridge axis depth differences between segments do not systematically increase with ridge offset length, and at larger offsets there is no apparent falloff in the magnitude of depth asymmetries (Figure 9c ).
Discussion
Normal Segments
[22] Our analysis of the GSC and SEIR shows that, beyond the hot spot-influenced portions of these intermediate-spreading ridges, leading segments are shallower across 72% of first-and second-order discontinuities (86% of transform faults and 55% of second-order discontinuities). The probability of reaching these results by chance can be evaluated using a binomial model, with ''success'' for each trial (ridge-axis discontinuity) defined as having a shallower leading segment. Our assumptions are that the probability of success for each individual trial is p = 0.5 (as with a coin toss) and that each trial is independent. The odds of obtaining 18 of 25 successes by chance given these parameters are <2%. This significant correlation further supports the results of Carbotte et al. [2004] for fast-and intermediate-spreading MORs and indicates a strong correlation between ridge migration and ridge morphology at these spreading rates. Combined data from our study show depth anomalies across discontinuities vary with the offset length of the discontinuity (Figure 10 ). These observations are consistent with predictions of numerical studies of ridge migration and asthenospheric flow [Katz et al., 2004] . The Katz et al. [2004] model predicts that shear induced by migration of the lithosphere over the mantle produces a maximum asymmetry in melt production rates and potential crustal thickness at $50-100 km from the spreading axis. Hence, for isostatically compensated seafloor topography, this model predicts maximum depth asymmetries across ridge offsets of 50-100 km in length. In Figure 10 , the predicted axis depth asymmetries of Katz et al. [2004] are shown for comparison with observations from both our study . Although the data show considerable scatter, the general shape and amplitude of the Katz et al. [2004] curves fit the observations well. The prominent outlier is the Blanco transform fault of the intermediate-spreading Juan de Fuca Ridge. A very large change in axial depth occurs across this transform fault in part due to the Gorda Depression, which sits at the eastern end of the Blanco Table 2 and are grouped into all cases where (a) the trailing segment is shallower and (b) the leading segment is shallow. Data for hot spot -influenced segments are in (c) hot spot -leading segments shallower and (d) hot spot -trailing segments shallower. transform fault zone and may have initially formed as the starting point of a northward propagating rift on the Gorda ridge system [Embley and Wilson, 1992] .
[23] In contrast to results for fast-and intermediatespreading ridges, a weaker correlation is observed between leading segments and shallow morphology along the slow-spreading MAR, where only 62% of leading segments (25% of transform faults and 78% of second-order discontinuities) are shallower at 10 km from the discontinuity. Assuming a binomial model with p = 0.5, the probability of reaching this result by chance is $16%, which is not statistically significant. Although the public availability of ship-board multibeam data limits our analysis here to only 14 normal (non-hot spot-influenced) slow-spreading ridge segments, this result suggests that the relationship between ridge migration and melt delivery to the ridge axis is spreading-rate dependent. This spreading-rate dependence could reflect a more 3-D pattern of mantle upwelling and melt focusing at slow-spreading rates or the intermittent nature of magmatism and the significant role of tectonic extension on ridge morphology expected at these rates.
[24] Fast-and slow-spreading ridges differ markedly in the magnitude of along-axis gradients in ridge structure. Large gradients in gravity and seismic properties as well as km-scale variations in axial relief are observed within individual segments of slow-spreading ridges [e.g., Lin et al., 1990; Tolstoy et al., 1993; Dunn et al., 2005] . In contrast, fast spreading ridges exhibit only minor intrasegment changes in elevation (typically less than a few 100 m), smaller along-axis MBA anomalies and more uniform on-axis seismic structure [Macdonald et al., 1988; Wang and Cochran, 1993; Detrick et al., 1987 Detrick et al., , 1993 . These differences are thought to be manifestations of the deeper pattern of mantle upwelling beneath spreading centers. Numerical experiments have shown that buoyant upwelling beneath spreading centers, driven by thermal gradients and compositional density variations, should vary with spreading rate. An initial 2-D upwelling remains 2-D at high spreading rates; whereas, for low spreading rates, an initial 2-D structure transforms into a 3-D pattern [Parmentier and Phipps Morgan, 1990; Sparks and Parmentier, 1993] . Moreover, numerical models of stable 3-D flow solutions at slowspreading rates become 2-D when the spreading rate is increased [Choblet and Parmentier, 2001] . Tomographic and electromagnetic studies along fast spreading ridges support the presence of a broad region of mantle upwelling and melt production consistent with passive flow and a quasi-2-D pattern of upwelling in this environment [e.g., Forsyth et al., 1998; Evans et al., 1999] . Conversely, the melt flux beneath a slow-spreading segment is greatest near the segment center, as evident from gravity and seismic studies [e.g., Lin Tolstoy et al., 1993; Dunn et al., 2005] that indicate a thicker crust and/or hotter mantle in these regions. These centers of upwelling appear to be long-lived as evident by crenulated gravity patterns observed off-axis [Phipps Morgan and Parmentier, 1995] . The melt entrainment model of Carbotte et al. [2004] and Katz et al. [2004] assumes a broad region of 2-D mantle upwelling and melt production consistent with passive asthenospheric flow beneath ridges (Figure 2 ). Under the conditions of 3-D upwelling and melt focusing beneath segment centers that appear to exist at slow-spreading rates, segment ends receive a smaller percentage of the melt production associated with each segment compared to the fast spreading environment. Therefore, if melt tapping across discontinuities occurs at slow-spreading centers, we expect little melt availability for melt entrainment to the crust (Figure 11 ).
[25] In addition to patterns of melt delivery from the mantle, differences in the crustal level magmatic system also may contribute to the apparent spreading-rate dependence observed. Along the fast spreading East Pacific Rise, multichannel seismic studies image a nearly continuous crustal magma lens extending for tens of kilometers at a depth of $1.2-2.4 km below the seafloor, suggesting its existence is relatively steady state [Detrick et al., 1987 [Detrick et al., , 1993 . Similarly, recent multichannel seismic work on the intermediate-spreading Juan de Fuca ridge shows that axial magma bodies also occur along more than 60% of the spreading axis at depths of $2-2.5 km [e.g., Carbotte et al., 2006] . In contrast, detection of magma bodies in the crust is rare in seismic data from slow-spreading centers and the shallow magmatic system appears to be characterized by isolated magma bodies beneath segment centers that may be short-lived [e.g., Detrick et al., 1990; Barclay et al., 1998; Crawford et al., 2005] . With intermittent magma delivery to the crust focused primarily to segment centers, ridge segment ends are strongly influenced by tectonic extension and axial depths may be dominated by the local history of tectonic stretching [e.g., Tucholke et al., 1997] . Although our analysis does not include ultra-slow-spreading ridges, we expect 3-D segment scale effects to predominate in these environments as well.
Hot Spot-Influenced Segments
[26] Hot spot-ridge interaction is known to exert a long-wavelength influence on ridge bathymetry with shoaling toward axis-centered or near-axis hot spot sources observed in many locations [e.g., Ito et al., 2003] . Our study of ridge morphology indicates that the effect of hot spot proximity varies with spreading rate. At the intermediate-spreading SEIR and GSC, segments stepping toward the hot spots are shallower in all cases; whereas, there is little correlation between hot spot -leading segments and depth asymmetries across discontinuities at the slow-spreading MAR. Here, for approximately half of the segment pairs examined, the segment closer to the hot spot is deeper not shallower across the discontinuity. Long-wavelength gradients along the ridge with hot spot proximity also differ markedly. Along the MAR, the axis shoals toward the Azores hot spot in a stepwise fashion with steps in ridge elevation or changes in depth gradients coincident with the major transform faults (e.g., Figure 4 ) [Thibaud et al., 1998 ].
In contrast, axial depths shoal more continuously Figure 11 . Cartoon of melt delivery beneath slow-spreading ridge segments. Double-headed arrows represent focusing of mantle melts beneath the ridge axis from a broad mantle melt source region. Single-headed arrows represent redistribution of melt to the crust. Stars indicate locations used for depth differences, with the leading segment at a shallower depth than the trailing segment (shown with dashed lines) at a distance of 10 km from the offset. As a result of 3-D upwelling and focusing of melts toward segment centers at slow-spreading ridges, little asymmetry in melt delivery to adjacent ridge segments due to ridge migration is expected. Idealized region of less melt availability at segment ends is shown in gray. See Figure 2b for similar along-axis profile view of melt delivery beneath a fast-spreading ridge. toward the Galápagos and ASP hot spots with only minor disruptions at discontinuities (Figures 6  and 7) . This difference also is apparent in comparisons of average segment depths and hot spot proximity ( Figure 12 ). Whereas almost all hot spot-leading segments are shallower at the intermediate-spreading ridges, hot spot proximity is not a consistent predictor of inter-segment elevation changes for the MAR.
[27] Three-dimensional fluid dynamic models of plume-ridge interaction predict differences in the channeling of plume material along a ridge as a function of spreading rate [Albers and Christensen, 2001] , which could be related to these observed differences in ridge morphology. More pipe-like flow is expected at low spreading rates where the abruptly thickening lithosphere acts as an inverted channel to focus plume flow along axis. In con- trast, more pancake like flow of plume material is predicted beneath faster spreading ridges. Continuous shoaling across discontinuities toward hot spots at intermediate-spreading ridges may arise from more pancake-like plume flow, where plume material and thermal inputs diminish radially from the plume source. We attribute the weaker correlation between depth asymmetries and hot spot proximity at slow-spreading centers to the dominant effects of 3-D mantle upwelling and segment-center melt focusing, as well as tectonic extension on segment end morphology. Fluid dynamic models predict that a number of factors in addition to spreading rate may influence hot spot-ridge interaction including ridge migration rate, hot spot flux, and ridge-hot spot separation distance [e.g., Ito et al., 2003] . Observational constraints on the relative importance of these factors may be possible as a more complete bathymetric data set of the global MOR becomes available.
Summary
[28] Our study shows a much stronger correlation between ridge migration direction and axis morphology at fast-and intermediate-spreading ridges, as compared to slow-spreading ridges. The correlation is greatest across transform faults where segments offset in the direction of ridge migration are consistently shallower than neighboring trailing segments. Globally, fast-and intermediate-spreading MORs show a correlation between migration direction and axial morphology that supports a melt entrainment model invoking asymmetric mantle upwelling due to ridge migration and across-discontinuity melt tapping . A relationship between axial depth differences across discontinuities and offset lengths also is supported by this analysis, with maximum depth anomalies observed at the critical offset length of 50-100 km, as predicted by Katz et al. [2004] . We attribute the weaker correlation between ridge migration and axial depths at slow-spreading rates to enhanced 3-D upwelling and melt focusing to segment centers that limits the entrainment of melt from across the discontinuity. For hot spotinfluenced portions of the MOR, hot spot proximity dominates ridge morphology at intermediate-spreading centers but is not a consistent predictor of axial depth asymmetries between segments at slow-spreading centers. These results could reflect spreading-rate-dependent differences in the channeling of hot spot material to ridges, as well as the predominance of 3-D upwelling and segment-center melt focusing in the slow-spreading environment.
